The energy range above 50 keV is important for the study of many open problems in high energy astrophysics such as, non thermal mechanisms in SNR, the study of the high energy cut-offs in AGN spectra, and the detection of nuclear and annihilation lines. In the framework of the definition of a new mission concept for hard X and soft gamma ray (GRIGamma Ray Imager) for the next decade, the use of Laue lenses with broad energy band-passes from 100 to 1000 keV is under study. This kind of instruments will be used for deep study the hard X-ray continuum of celestial sources. This new telescope will require focal plane detectors with high detection efficiency over the entire operative range, an energy resolution of few keV at 500 keV and a sensitivity to linear polarization. We describe a possible configuration for the focal plane detector based on CdTe/CZT pixelated layers stacked together to achieve the required detection efficiency at high energy. Each layer can either operate as a separate position sensitive detector and a polarimeter or together with other layers in order to increase the overall full energy efficiency. We report on the current state of art in high Z spectrometers development and on some activities undergoing. Furthermore we describe the proposed focal plane option with the required resources and an analytical summary of the achievable performance in terms of efficiency and polarimetry.
INTRODUCTION
The importance of hard X-ray astronomy is now widely recognized. The numerous results obtained with the most recent satellite missions (BeppoSAX, Rossi XTE, INTEGRAL) on many classes of X-ray celestial sources have demonstrated the importance of broad band (0.1->300 keV) spectroscopy in order to derive a clear picture of the celestial source physics, such as to establish the source geometry, the physical phenomena occurring in the emission region, the radiation production mechanisms, an unbiased separation of the contribution of thermal emission phenomena from the phenomena due to the presence of high energy plasmas (thermal or not thermal) and/or magnetic fields and/or source rotation.
However, many fundamental issues concerning the physics and nature of discrete sources and the origin of the cosmic X-ray background (CXB) require very sensitive observations above 60-80 keV. The determination of the cut-offs of single weak-flux AGNs would be an exciting measurement. In addition, the question if all CXB and CGB can resolved into discrete sources is still not answered. Very sensitive observations at >60-80 keV, where the CXB residual emission is stronger, will be of crucial importance.
The significance of astrophysics above 100 keV has recently been recognized also by ESA in the definition of the new plan for next decade (Cosmic Vision 2015 -2025 ) that has included this as one of the 'hot topics' for the new high energy astronomy era. In this context, the authors are involved in a collaboration with a large community of European astrophysicists in the definition of a new gamma-ray imager mission concept 1 for the next ESA call for proposals (autumn 2006) in the framework of the Cosmic Vision 2015-2025 plan.
To overcome the problem of the limited sensitivity of present instrumentation for hard-X and soft gamma-rays, an answer is offered by new focusing telescopes operating above 100 keV. The focusing of high energy photons above 60-80 keV has recently become a concrete prospect, through the use of Bragg diffraction from mosaic crystals in the transmission configuration (Laue lenses), which appears to be the most efficient way to focus high energy photons either in a broad energy band to study the continuum emission or in a narrow band for nuclear line spectroscopy.
The development of a new generation of high sensitivity (a factor 20-100 better than current instrument) Laue lens telescopes will also rely on the development of new focal plane detectors with high efficiency, low intrinsic background, and fine spectroscopy (a few keV at 500 keV). We believe that a focal plane based on room-temperature high Z solid state (CdTe/CZT) pixel spectrometers can offer a very suitable solution to fulfil all the requirements. Herein we will give a brief summary of the current status of the CZT/CdTe detector developments together with the description of some experimental and prototyping activities inside our groups. In the last section we will describe an option for the realisation of a wide band (100-1000 keV) Laue lens focal plane detector.
PERFORMANCES OF CDTE/CZT DETECTORS
Room temperature compound semiconductor detectors can achieve in principle very good spectroscopic performance due to the low energy required to generate a charge couple: e.g. for CZT/CdTe the charge extraction energy is ~4.6 eV. In fact the final spectroscopic performance are limited by the dark current that introduce mainly a series noise in the readout chain and by the charge trapping phenomena, particularly for holes, inside the crystal bulk that subtract charge to the final signal depending of the photon interaction position. Various efforts have been made to overcome the holetrapping drawback in CdTe/CZT detectors, particularly relevant for thick crystals, which are needed for detecting hard X and gamma rays: these include the application of a grid structure to improve the energy resolution 2 , the use of hemispheric or coaxial detectors and the compensation of the deficit of the pulse height based on the pulse rise time information 3, 4 .
Examples of the spectroscopic response obtained with simple device made with current materials are shown in Figure 1 : the detector tested are a Spectrometer Grade CZT single crystal (eV-Products, USA) of size 10×10×5 mm 3 , grown by the High Pressure Bridgman technique, and a 10×10×2 mm 3 CZT device from SMI-LAB (Ukraina).
Spectroscopic performances improvement methods and techniques
Recently some improvement has been achieved in the spectroscopic performances utilizing indium as the anode electrode for p-type CdTe semiconductors 5 . In this way a high Schottky barrier formed on the In/p-CdTe interface allows the detector to operate as a diode and not as an ohmic device (i.e. as in the standard configuration with both Pt contacts). This Schottky configuration has two main advantages: (a) very low leakage current allow to drastically reduce the series noise (e.g. at 400 V the leakage current of a In/CdTe/Pt detector with a thickness of 0.5 mm in the reversed biased condition is 2 orders of magnitude smaller than the leakage current of Pt/CdTe/Pt devices); (b) the device become a single charge carrier device in which the signal is mainly induced by the electrons and therefore almost not affected by trapping. As a consequence of the low dark current level it is possible to apply a high electric field to ensure a complete charge collection. In terms of energy resolution, the In/CdTe/Pt detectors show excellent performances ( Figure 2 ) with respect to devices realized with Pt electrodes (Figure 1) . However, at room temperature, they present time stability problems, since their original good spectroscopic performance degrades after hours. Another major drawback is that the thickness of the crystal is currently limited to 1 mm.
To overcome the present problems in In/CdTe/Pt devices a collaboration that involves some of the authors together with different Italian research institutes have proposed a new technique that will use MOVPE to deposit a p-i-n homoepitaxial structure on bulk CdTe crystal 6 Once successfully implemented, this technique could also guarantee the reproducibility of device characteristics with particular respect to the realization of the metallic contacts.
Of course a direct technique to improve the spectroscopic performances is represented by detector cooling (see Figure  3) . At -30° C, a CdTe device from SMI-LAB (Ukraine) achieve a resolution of 6% (FWHM) at 60 keV and in particular exhibit a very low energy threshold that allow to resolve most of the 241 Am low energy lines. A further demonstration of the effect of a moderate cooling is given by the results we obtained by an XR-100T-CZT (Amptek, USA), that is a high performance X-ray and gamma ray portable detection system. It is based on a planar CZT detector, mounted on a thermoelectric cooler inside a small hybrid package. The plot in Figure 3b shows the comparison between the spectra recorded with rise time discrimination turned off (FWTM=5.5 keV) and turned on (FWTM= 1.9 keV) at -20° C.
As shown by the previous results another method to improve the spectroscopic performance of CdTe/CZT devices rely on the possibility to select the events using the signal rise time: the signal rise time is a signature of the depth of the interaction and therefore a selection of the shorter rise time is equivalent to accept only events close to the cathode that are less affected by hole trapping. This technique is effective in improving the resolution energy but the strongly affect the detection efficiency, since many counts are discarded (e.g. in Figure 3b the full energy efficiency decreases of ~35% when the rise time selection is active). On the other hand, the measure of the rise time is the basic of bi-parametric methods in which each hit signal is processed by two electronics chain measuring in parallel a quantity related to rise time and a quantity related to the total induced charge. The most direct bi-parametric method (e.g. rise time vs signal amplitude) was proposed several years ago 7 and has been implemented on the ISGRI detector on the INTEGRAL satellite 3 . Some of the authors are verifying the reliability of a biparametric method based on double pulse shaping active filtering of the same preamplified pulse. The basic idea uses one filter with a short shaping time compatible with the electron transit time (fast signal, related to the depth of the interaction), and the other with a long shaping time (slow signal) allowing the almost complete charge collection. This method will have the main advantage of simpler electronics implementation because require for each pixel two equivalent spectroscopic chains that differ only for the shaping time constant 8 . Furthermore bi-parametric methods allowing to evaluate the depth of interaction could enable the device to operate as 3D spectrometers 9 .
Another method to improve the spectroscopic response of CdTe/CZT spectrometers rely on the technology of integrated fast digital signal processor. The readout electronics chain will consists in a low noise charge pre-amplifier followed by a fast Analog to Digital Converter (ADC) (e.g. 100-200 MHz) coupled to a SRAM-based Field Programmable Gate Arrays (FPGA). The signal from each preamplifier will analyzed and compared with a response data-base to determine the right compensation to be applied to the signal itself. This signal shape elaboration would lead both to a reduction of telemetry data, through rejection of unwanted background, and to an accurate measurements of interaction photon energy, position and timing. 10 Alternatively, a group at the Danish National Space Centre has recently developed a device that consist of an array of anodes on one side of a CZT (eV-Products) slab with a contiguous single cathode on the other side of the slab. In order to achieve a 2D imaging capability, the drift strip electrode geometry 11 was applied for the pixels. This arrangement, consisting of 16 drift detector cells, is shown in Figure 4 . Each drift detector comprise 2 drift electrodes and one anode readout electrode. The pixel pitch is 2 mm while the crystal size is 10 mm x 10 mm x 3 mm. The anode readout electrode radius is 0.2 mm. The inner and outer radii for the first surrounding drift electrode (G4) are 0.5 mm and 0.6 mm, respectively, while the rectangular common drift electrode (G3) is of 0.1 mm width. The first drift electrodes (G4) are interconnected externally by the z-bonding technique. The typical spectroscopic response of a pixel is shown in Fig.  5 : the results are quite good, being about a factor two better than that achievable with mono-electrode detectors of equivalent area. 
UNDERGOING EXPERIMENTAL AND PROTOTYPING ACTIVITIES
Herein we will briefly report on a couple of the experimental and prototyping activities that we are currently doing in ours laboratories. In general these activities have been started with different motivations, but they are now very relevant with respect to the preparation of a proposal for a new space mission concept base on wide band Laue lens. In fact both the described activities concern the realization of pixel detector prototypes with dedicated ASIC front-end that will be used for different experiments and developments which results can give useful information for the optimization of the Laue lens telescope focal plane design.
The hard X ray focal plane prototype
This section give a summary of an activity started in the framework of the development of an Italian hard X ray (10-80 keV) telescope based on multilayer mirrors 12 . One of the main objectives was the realization of a small hard-X ray focal plane prototype based on a fine pixel CZT detector coupled with a new low power and low noise ASIC. The detector, provided by eV products under custom design, is CZT crystal with 10×10 mm2 active surface and the anode segmented in a 16×16 pixel with 0.5 mm pitch on each side. Two detectors with the same configuration but different thickness (1 and 2 mm) were realized. The CZT crystal was bonded to a fan out interface board for the connection with the ASIC front-end (Figure 6a ).
The ASIC chip was developed in the 0.8 µm Bi-CMOS AMS technology with very innovative solutions to make the optimum trade-off between the requirements to have both low power dissipation and the low noise 13 . The current chip contains two sets of 8 independent channels (Figure 6b) . Each channel has a reset type charge sensitive preamplifier and a shaping amplifier with a shaping time of ~1.2 µs. The chip can be easily tuned to the I-V characteristics of the detector by means of the input regulation (I pre ) which permits the optimum current adjustment of the MOSFET first stage of the preamplifier. The best noise level is 200-230 e -(rms) at 1 nA. (for CZT this is equivalent to about 2 keV FWHM).To optimize the coupling with the pixel detector and to be able to readout contiguous subset of pixels (at least 8×8) the ASIC have been mounted in a custom ceramic board designed by IASF and manufactured by AUREL ( In particular this plot demonstrate the strong effects on the spectroscopic performance of the bias preamplifier current for such CZT device that exhibit typical leakage current level of ~0.3 nA at 200 Volts. Several tests are undergoing in particular to assess the performance of the detection system with back-end electronics implementing different event handling logics.
In the meanwhile, a collaboration with the Space Research Centre of the Leicester University (UK) is started to perform beam tests with an hybrid detector realized using a XMM MOS CCD spare 14 coupled to our hard-X ray prototype. The results of this kind of measurements will give us useful information in the case the telescope payload require a soft (e.g. 0.1-10 keV) X-ray optics nested and coaxial with the high energy optics (e.g. Laue lens and multilayer mirrors).
The POLCA II experiment
The POLCA II (POLarimetry with Cdte Array) is an evolution of another experiment with small CdTe pixel detectors that was made using the polarized high energy beam at ESRF in July 2002 15, 16 . The main objective of the POLCA II experiment is to perform a deeper evaluation of the performance achievable by a CZT pixel detector as a polarimeter in the 100-1000 keV range. With respect to the detectors used in the previous experiment, POLCA II is based on a larger detector that will allow in particular to study the dependence of the polarimetric modulation factor (see section. 4.2) with the distance between the scattered hits and with the angle between the beam polarization plane and the detector plane axis. Furthermore, the POLCA II detector will give us the possibility to verify with real data some background reduction technique based on the Compton kinematics reconstruction and to asses the performance of this kind of 
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detector with Laue lens module prototype.
The CZT detector manufactured by Imarad have a sensitive area of 4x4 cm 2 and made of a mosaic of four adjacent 5 mm thick crystals (see Figure 8 left) . The anodes of the detector is segmented in 16×16 pixels with a pitch of 2.5 mm in each side. The pixel anodes are presented at the output user through 3 connectors, shown in Figure 8 (right). Only 128 pixels in total (with 121 forming a compact 11×11 array) are read out using 8 eV products ASICs, each analogically processing 16 CZT channels. Figure 8(left) shows the board of POLCA II, containing the 8 chips on a PCB hybrid connected to detector. The signals from each ASIC channel are wired to a custom multi-parametric electronics in which the coincidence logics, the analog to digital conversion and the interface with the acquisition system are implemented.
A preliminary characterization of the detector has been carried out, using several radioactive sources ( 57 Co, 109 Cd and 137 Cs), in order to determine the spectroscopic performances and the response uniformity, in terms of CCE and energy resolution. Spectra of 57 Co and 137 Cs, obtained with two detector pixels, are reported in Figure 9 . The energy resolution (FWHM) of the peak at 122 keV of 57 Co is 6.8 % and 2.8 % at 662 keV of 137 Cs. Unfortunately the experimental setup increases the electronic noise of about 40 %, due to the connectors capacity and to the overall layout of the connections.
A LAUE LENS FOCAL PLANE OPTION: A CZT STACK
A Laue lens telescope operative in the 100-1000 keV band will require a very efficient detection plane over the entire energy range in order to avoid a degradation of the sensitivity due to the loss of focused photons. In order to achieve the required high efficiency over the entire range, we propose a stack of thick CZT layers. Currently, in the framework of the preliminary activities for a mission concept 1 for the ESA Call for Cosmic Vision 2015-2025, two option are under study both from the technological point of view and by an accurate MonteCarlo mass modeling 17 in order to assess the achievable performance and to compare these with other detector concept 18 . These two option are based respectively on 5 and 7 layers of 0.7 cm thick CZT detectors ( Figure 10 ). The limitation of the CZT crystal thickness to 0.7 cm has been recognized as a conservative choice at the current status of art in order to maintain good spectroscopic performance (~2 % FWHM @ 500 keV). In fact we expect that the development of the technology could improve both material and device characteristics and properties allowing to increase the useful thickness in next years. Furthermore we want to point out that also the implementation of signal compensation technique (as mentioned in the previous section) could allow to consider thicker crystals as sensitive units. In particular these techniques can made feasible to use a different irradiation configuration: the so called PTF (Planar Transverse Field) configuration in which the electric field is orthogonal to the direction of the impinging photon 19, 16 . These configuration have the main advantage of making the photon absorption thickness independent from the charge collecting distance, allowing, in principle to use several cm's for photon absorption, the limit being the fragility of the material and the size of ingots slices.
Each layer of the stack is made of a mosaic of pixel device based on monolithic CZT crystals. The effective area of the CZT layer is defined by the PSF characteristics of the Laue Lens and in particular by its focal length and by the useful field of view. Assuming a focal length of 80 meters, the PSF contains 95% of the focused photon in a circle of ~3 cm in diameter for on axis source and in a region of ~8 cm in diameter for 2' off-axis sources. Therefore we have assumed 12×12 cm 2 as CZT layer dimensions. Furthermore the PSF size will affect also the required spatial resolution, that for the proposed telescope configuration is quite moderate: a pixel of 2 mm in lateral size is a good value both for a proper sampling of the PSF and for polarimetric measurements (see section 4.2). The typical dimensions of each elementary sensitive unit depend on the possibility to have large monolithic crystals with good uniformity across the surface (e.g. ~5 %). Today a feasible maximum dimension for the basic crystal is 2×2 cm 2 . With these parameters each CZT layer of the stack will be an array of 6×6 units/crystals with the anode electrode segmented in 10×10 pixels/channels.
Beside it can be noticed that for the final instrument design a better configuration of the focal plane detector could have a more symmetric shape: i.e. each layer can be composed by hexagonally shaped crystals in order to minimize the detector surface and therefore the number of electronics channels required to cover the lens field of view. The pixels of each detector unit could have the same geometry so as to provide the best coupling with the lens point spread function and to increase the symmetry for polarimetric studies 20 . For example, using hexagonal sensitive units to match a footprint of 12 cm ×12 cm it will need only 19 units (with a surface of ~5 cm 2 ) for a total sensitive area of ~95 cm 2 . This will allow to save 35% of the active material and will require only 3000 electronics channels with respect to the 3600 for the square geometry.
Each layer can both operates as a indipendent position sensitive detector and polarimeter or works in coincidence with other layers in order to enhance the total detection efficiency. Adopting the square geometry, the specifications of the single layer detector are reported in the first two column of Table I , while in the other two columns a tentative summary of the main characteristics and required resources budget of the CZT stack is given.
Of course the entire stack will be surrounded by a proper shield. The shield design need to be optimized in particular for space environment and local produced background (strongly dependent on the mission scenario), while the contribution of cosmic diffused background in the operative energy band (>100 keV) is less important . A tentative shielding scheme is given in Figure 11 where the CZT stack is surrounded by a thick active shield, that act also as baffle for diffuse background limiting the field of view of the focal plane detector (~25° FWHM in the shown configuration). A the top of the detector a thin (1 cm) plastic scintillator is foreseen for discriminating charge particles incoming through the aperture. The proposed surrounding shield is constituted by two main subsystem: an internal well made of an highly . These studies indicate that to shield a detector operating in the hard X-soft gamma-ray regime the use of light materials only for charge particles could give better results at the end 22 . The undergoing MonteCarlo simulation will give us useful information to optimize the shield system in the focal plane design.
The plots of Figure 12 compare the achievable (analytical) detection efficiencies of the proposed 5 and 7 layers CZT stack with a Germanium detector with an overall thickness of 8 cm such as that foreseen for a Laue Lens telescope for Nuclear lines observation 23 . It is clear that at high energy (e.g. above 500 keV) the CZT stack options are still not very efficient compared with the 8 cm thick Ge detector. At 1000 keV the total detection efficiency is ~80% for 7 layers and ~70% for the 5 layers options compared with the 90% achievable with the 8 cm thick Ge detector. However for the full energy absorption (photoelectric) the graph show a reversed behavior with an evident advantage for the CZT stacks.
Because the efficiency of the focal plane is very critical in particular at high energy to preserve the sensitivity of the telescope, probably an increment of the overall thickness of the stack should be considered. In fact a solution that could be implemented without increasing to much the complexity of the detection focal plane is the addition of a thick scintillation plane 20 : e.g. 2 cm of LaBr 3 added to a 7 layer stack of 0.7 cm thick CZT could finally achieve a total detection efficiency greater than 90% up to 1000 MeV.
Expected polarimetric performance
In order to evaluate the achievable performance as a hard X ray scattering polarimeter of the focal plane concept Figure 12 . The CZT stack detection efficiency for two total thickness options (3.5 cm and 4.9 cm) compared with a 8 cm thick Ge detector. The efficiencies are evaluated using the attenuation coefficients calculated by PhotKoef. described in the above section, we have implemented the distribution of focussed photon (PSF) by a Laue lens with 50 m focal length for a on axis Crab like source ( Figure 13 left), 100% linearly polarized, as the input distribution of a MonteCarlo code developed in the GEANT4 environment 23 . For the chosen Laue Lens, that have an average effective area of ~700 cm 2 in the 100-600 keV band, the PSF contains ~95% of the focused photon inside a circle of 3 cm diameters 23 . To be compatible with this point spread function, we have simulated CZT detector of 64×64 pixels of 2×2 mm 2 (i.d. ~13×13 cm 2 sensitive area). Only one 7 mm thick layer of the proposed stack have been simulated for simplicity. Since X-ray focusing with Laue lenses is based on low incidence angle diffraction, it has a negligible effect on the initial photons' polarization state for high energy photons (at least above 10-20 keV). Therefore, throughout this study it was considered that Laue lenses had no affect on the polarization state of X-and gamma-ray celestial emissions 25 .
Using the double events generated by Compton interactions of the incoming photons a re-centring procedure is applied: one hit of each double hits events is normalised to the detector centre and the other is added to the pixel of the new map that have the same relative coordinate with respect to the first hit. At the end scattered events distributions are built (see Figure 13 right). From this maps the modulation Q factor can be evaluated in different energy band (Table II) by means of the following relationship:
where N // and N ⊥ are the number of counts integrated in two orthogonal directions over the detection plane.
The modulation factor, together with the efficiency of double events, allow the evaluation of another important parameter that qualify the performance of a detector as a polarimeter: the minimum detectable polarisation (MDP) that give the minimum level of polarisation that a instrument is able to detect from a source with a given flux and spectrum in presence of a given background. The MDP can be evaluated by:
% 100 ( 2 ) where n σ is the significance, Q 100 the modulation factor for a 100 % polarized source, ε the double event detection efficiency, A the polarimeter detection area in cm 2 , S f the source flux (photons·s -1 ·cm -2 ), B is the background flux 26 . Due to the orbital characteristics of the ISS the background has an average spectrum of 1.5·E -1.4 photons/cm 2 .s -1 .keV -1 . For a Laue Lens telescope, which will probably operate in a very eccentric or L2 orbit, we have assumed a background normalisation of 0.3 (1/5 of the LOBSTER case) taking into account, the more efficient shielding possible for a smaller focal plane detector, and the possibility to further reduce the effective background for polarimetry using Compton kinematics. The polarimeter detection area A in equation (2) is the Laue lens effective area that is taken constant in average (700 cm 2 ) over the considered energy band, while the background B is integrated over an area equivalent to the PSF surface (~7 cm 2 ). The evaluated MDP for a 100 mCrab source is shown in Figure 14 as a function of the observing time for three energy band.
CONCLUSION
We believe that the stack detector concept can fulfill the requirements of a Laue lens focal plane in the energy band 100-1000 keV. In particular this kind of detector would allow high detection efficiency over the operative energy range with small material volume, enabling a compact and effective shielding. This is important in order to reduce the locally produced background, which above 100 keV becomes the most important noise contribution. A further advantage is the quite low difficulty to produce highly segmented detectors that could also be very useful to improve background rejection (i.e. through some Compton kinematics event selection) and to obtain high polarimetric capabilities together with spectroscopic imaging and timing without losing detection efficiency.
An accurate evaluation of the achievable performances (efficiency and background) is ongoing using a mass model Montecarlo. These results will be used to make a comparison with other focal plane options. The experimental results from detector prototypes ( e.g. POLCA II ) will give us a better understanding of the relevant parameters and a greater confidence in this technology for the focal plane realization. Furthermore the possibility of using a thick scintillator ( e.g. several cm of LaBr 3 ) for a better efficiency at high energy (above ~ 500 keV) should be investigated. for a Crab like source (∝ E -2 ) with a flux of 100 mCrab in the 100-1000 keV energy range with a 7 mm thick CZT focal pane.
